Chronic low back pain (LBP) has been reported with a high incidence in elite rowers. It results in less effective training, long interruptions in training, and a drop in performance. Objective: The authors hypothesized that exercise-induced LBP in rowers is caused by a chronic functional compartment syndrome (CFCS) of the multifidus muscle. Design: Controlled clinical trial. Setting: The rowers were tested in their training camp. The control group was tested at a university hospital. Participants: 14 volunteer elite rowers complaining of LBP and 16 healthy volunteer amateur athletes. Main Outcome Measurements: Intramuscular pressure (IMP), tissue oxygenation pressure (pO 2 ), and median frequency (MF) shift in the electromyographic power density spectrum during isometric fatiguing extension at 60% of maximum voluntary contraction. Results: At the beginning (controls 186.6 mm Hg vs rowers 60.2 mm Hg, P = .002) and the end (controls 224.1 mm HG vs rowers 77.1 mm Hg, P < .001) of the endurance exercise the median IMP was significantly higher in the healthy controls. Nearly identical resting pO 2 was measured in both groups (controls 37.6 mm Hg vs rowers 37.3 mm Hg, P = .740). Rowers showed higher median MF shift (rowers -11.5 Hz vs controls -8.5 Hz, P = .079) during contraction. Conclusions: These observations cannot sufficiently be explained by the CFCS model and suggest that factors other than IMP have an additional effect on pain generation during exercise in elite rowers.
In young individuals participating in athletics, degenerative changes do not provide a plausible explanation for the occurrence of LBP. In the special case of rowers, however, the high degree of biomechanical stress on the lumbar spine has drawn increasing attention as a cause of these symptoms. 5, 6 In rowing, the spine constitutes the central part of the kinetic chain that links the sources of strokepower generation (the legs and arms) and transfers this power to the oar. 7 This high biomechanical stress on the trunk requires corresponding performance in the erector spinae muscles. During the rowing cycle, the muscles are relaxed and contracted in rapid succession, which leads to an increase in intramuscular pressure (IMP) during the contraction phase. Even in the short intervals of muscle relaxation, though, the IMP in the multifidus muscle reaches 105 to 170 mm Hg. 8, 9 Considering a physiologic muscle capillary pressure of ~30 mm Hg, thus, even during relaxation between rowing actions, we must assume some disturbance in the perfusion and microcirculation in the muscle.
Up to now, disturbances in perfusion secondary to an increase of IMP have been called chronic functional compartment syndrome (CFCS). In the tibialis anterior musculature in long-distance and marathon runners this has been frequently implicated as a cause of exercise-dependent pain. 10 Furthermore, CFCS has been discussed as a possible cause of chronic LBP. 8 The physiological model of CFCS suggests that pain is triggered by an IMP increase during muscle activity. 11 One cause of this increased IMP is an increase in the volume of the muscle within the constraints of a relatively inelastic fascial envelope. Increases in volume reaching 15% to 20% may occur during muscle activity because of an increase in regional blood volume and increased intracellular and extracellular accumulation of fluid. 12 According to the model, this volume increase leads to vascular compression in the capillaries or a greater diffusion distance. This may result in inadequate perfusion, which in turn causes pain and a loss of function in the affected muscle. 13 Hence, the IMP relative to the contraction level is of significance for capillary blood flow and muscle function.
The objective of the current study was to determine whether the CFCS model can explain exercise-induced LBP in elite rowers. Therefore, we compared the IMP of the multifidus musculature during contraction in a group of elite rowers with exercise-induced LBP with that of a healthy control group. If there is an increased IMP this might cause disturbances of perfusion that could, in turn, lead to a drop in tissue-oxygenation pressure (pO2) and a loss of muscle function. A loss of muscle function secondary to sustained muscle contraction has been defined as localized muscle fatigue. 14 This phenomenon has been well studied in electromyographic (EMG) investigations and is associated with a shift to lower frequencies in the power density spectrum of the EMG signal. 15 Median frequency (MF) shift has been described as a very reliable parameter of localized muscle fatigue. 16 This shift is caused by alterations in muscle-fiber conduction velocity caused by the accumulation of H + ions, lactate, and pyruvate during energy metabolism. Changes in MF, therefore, represent processes occurring at the muscle-cell membrane and are associated with a loss of muscle function.
To evaluate all 3 steps of the CFCS physiological model-pressure increase in tissue, drop in tissue oxygenation, and resulting loss of muscle function-this study simultaneously measured IMP, pO 2 , and MF shift in a muscle compartment.
Methods

Design
The study was designed as a controlled clinical trial. The dependent variables were the participants in the tests, the duration of the tests, and the load intensity of the tests (Table 1 ). The independent variables were the IMP, the pO 2 , and the MF shift on the power density spectrum of the EMG signal.
Participants
The study design was approved by an ethics commission. Fourteen athletes (5 males, 5 females; age of all participants 15 years) from the Olympic Camp at Potsdam, Germany, who had trained for at least 2 years as high-performance rowers, were included in the current study. All athletes complained of exercise-dependent LBP occurring in close temporal relation to training or competition events.
Using a 100-mm visual analog scale 17 ranging from 0 (no pain) to 10 (excruciating pain), patients reported the intensity of their pain. Median reported pain intensity was 4.0 (range 2.0-7.0), with a median maximum intensity of 6.0 (range 2.0-10.0). One rower had already started physiotherapy.
For a control group we had planned to use asymptomatic rowers matched for age and gender. Unfortunately, all possible subjects refused to participate because of the invasive measurement techniques. Therefore we examined 16 older, noncompetitive athletes with no history of LBP (10 men, 6 women; age 25-44 years) who reported physical activity with a frequency of 2 to 4 training sessions per week.
Procedures
Data Recording and Experimental Setup. Resting values were first determined in the supine position on an examination table. The subjects were then positioned and studied using fitness-training equipment (Model R 14; mkb-Systems, 88481 Balzheim, Germany). The unit permitted determination of maximum trunk torque. After the maximum trunk torque had been determined, parallel recording of IMP, pO 2 , and the EMG signal of the multifidus muscle was conducted during sustained isometric exercise at 60% of maximum trunk torque. Measurement was finished after the load resulted in flexion of the trunk of >10° because of muscle fatigue. Finally, the subjects were placed again on the examination table in the supine position and the same parameters were measured during the recovery phase (see Table 1 ). Preparation for Catheter Implantation. Subjects were placed in the prone position on an examining table. After careful cleansing and disinfection of the skin, the catheters and the surface electrodes were placed under ultrasound control (see Figure 1 ). Former studies showed side differences of the paravertebral muscle performance depending on patients' hand dominance. 18 Therefore, we chose the contralateral side of the body for measurement. Catheters were fixed in place using strips of tape to prevent accidental dislocation.
IMP Measurement. Local anesthesia was induced by injection of a local anesthetic agent (1 mL) down to the fascia at a point 1 cm lateral to the midline. After that a piezoelectric pressure catheter 19 (ARGUS, MIPM GmbH, Mannendorf, Germany) was introduced through an indwelling venous catheter into the multifidus muscle in caudal direction at an angle of 45° on the lumbar spine level L3. The piezoresistant measuring method is based on the physical fact that semiconductors change their specific resistance under pressure. The analog signal of the catheter was digitized at 10 Hz and recorded for later evaluation.
Measurement of pO2. The same technique was used for implantation of the pO 2 catheter (LICOX C1-Sonde, GMS, Mielkendorf, Germany) into the multifidus muscle on the lumbar spine level L2. Implantation was performed at a spot 2 cm lateral to the midline. The technique and processing of the data are described in detail by Boekstegers et al. 20 In addition, a temperature-measurement catheter (LICOX C8-Sonde, GMS, Mielkendorf, Germany) was implanted in the multifidus muscle to correct temperature-dependent pO 2 drift. Data were digitized at 0.2 Hz and recorded.
EMG. Surface electrodes were attached bilaterally to the skin above the multifidus muscle caudal to the points of insertion of the catheters on the lumbar spine level L4. Potentials were recorded in bipolar fashion with a reference electrode over the vertebra prominens. Self-adhesive 1.2-cm silver/silver-chloride surface electrodes with gel cushions were used. The interelectrode distance was 2 cm. The EMG raw signal was recorded with a bandwidth of 5 to 1000 Hz and digitized at 2000 Hz. The mean rectified amplitude and the MF shift of the power density spectrum of the EMG signal were calculated as parameters indicative of fatigue (see Figure 1 ).
Statistical Analysis
To evaluate the measured parameters, the rowers' values were compared with those from healthy controls. Concerning the maximum trunk-torque measurement additionally, the gender of the rowers and healthy controls was analyzed as a grouping variable. An exploratory data analysis was conducted. For the qualitative data, counts and percentages were calculated. In the absence of a normal distribution of the values for the quantitative data, medians, minima, maxima, and 25% and 75% quartiles were calculated. Continuous variables were compared between rowers and controls using the Mann-Whitney U test. The level of significance was defined at P < .05.
Results
Maximum Trunk Torque and Duration of Exercise
Female control subjects exhibited a significantly lower maximum trunk torque than female rowers (median 59 Nm vs 72 Nm; P = .029), with no significantly different exercise times (median 153 seconds vs 186 seconds; P = .221). Regarding the males, there were no significant differences between the groups, either in maximum trunk torque (median 118 Nm vs 162 Nm; P = .289) or in terms of exercise times (median 177 seconds vs 252 seconds; P = .245; see Table 2 ).
IMP
Pressure readings for the 16 healthy subjects and 12 of the 14 rowers are shown in Table 3 . In 2 rowers, the catheter became dislocated at the beginning of the endurance test. At the beginning (median 186.6 mm Hg vs 60.2 mm Hg; P = .002) and at the end (median 224.1 mm Hg vs 77.1 mm Hg; P < .001) of the endurance exercise the IMP was significantly higher in the control group than in the rower group. There was no group difference in the increase in IMP during the endurance exercise (P = .868).
Oxygen Partial Pressure
Values for the pO2 measurement are shown for all subjects in Table 4 . At the beginning (median 44.6 mm Hg vs 55.1 mm Hg; P = .038) of the endurance exercise the pO 2 was significantly lower in the control group than in the rower group. During the endurance exercise (P = .096) and at the end of contraction (P = .088) there was no significant difference between the control subjects and the rowers.
MF Shift in the Power Spectrum of the Surface EMG
MF values were determined for all subjects (Table 5 ). There was no statistically significant difference in the median MF shift between the control subjects and the rowers (P = .079).
Discussion
The objective of the current study was to determine whether exercise-induced LBP in rowers can be explained with the CFCS model. Measurements showed that the rowers exhibited the same (female rowers) or even a higher (male rowers) degree of maximum trunk torque than the control group, which is to be expected because of the rowers' training advantage. Despite this, IMP was significantly lower in rowers than in controls, by a factor of 3. It could be shown that there is a slightly (not significant) higher increase in muscle blood volume during contraction in healthy controls than in LBP subjects. 21 This difference cannot solely explain the 3-times-lower IMP in rowers with LBP. Because IMP shows a nearly linear correlation with the muscle force during contraction, 22 it can be assumed that rowers generate a significant proportion of their total trunk torque elsewhere than in the multifidus. The total trunk torque consists of different components such as the multifidus, the iliocostal, and the longissimus muscle and additional mechanisms such as intra-abdominal pressure 23, 24 and the fiber structure of the thoracodorsal fascia. 24 Because of either pain or the attempt to avoid pain, LBP subjects show an inhibition of active back-muscle work and at the same time an increase in the intra-abdominal pressure and fascia thoracodorsal effect. 25 A limitation of this study is that these factors were not measured, and hence, we can only assume that the multifidus contribution to total trunk torque is less in the rower group than in the control group. Another limitation is that the age and activity level of the rowers and control subjects are different because of difficulties in participant recruitment of the control group. There is no obvious reason that the differences between the groups could be explained by the difference in age or activity level, but it cannot be definitely ruled out. Because the multifidus muscle acts as a segmental stabilizer of the lumbar spine, its reduced activity can favor the occurrence of LBP because of reduced segmental stability. It remains unclear whether this is a result of pain-avoiding mechanisms or poor training.
The excellent physiological-endurance properties of the trunk musculature are based on a high proportion of slow-twitch fibers 26 and, in comparison with other muscles, a more highly developed microcirculation. 26 This could explain the constant pO 2 level during contraction measured in our control group. At the same time, it is difficult to conceive of the persistence of microperfusion at tissue pressures of 186 mm Hg measured in controls. This hypothesis is supported by studies that showed that tissue pressures starting at 20 to 50 mm Hg lead to reduced blood flow in the arterioles and venules, coupled with a reduction in neural function. 27, 28 In our study, there was a 6-fold difference in pressure gradient between the muscle capillary pressure (~30 mm Hg) and the compartment pressure (186 mm Hg). Muscle perfusion and maintenance of oxygen partial pressure in the tissue would only be possible through a simultaneous compensation by cardiorespiratory and hemodynamic factors. This could be an increase in heart minute volume, an increase in mean blood pressure, increased breathing frequency, and hyperemia in the muscle secondary to vasodilation presumably caused by release of vasoactive substances and neural-feedback mechanisms. 29, 30 The difference in MF shift between the 2 groups just missed the level of statistical significance, but it has been shown that the higher the load, the greater the decrease in median frequency. Based on the lower degree of contraction of the multifidus muscle in the rower group, it can be presumed that, at a comparable level of exercise, the localized fatigue in the rower group would have been even higher.
Nevertheless, an increase in IMP does not appear to be the exclusive cause of this reduction in microcirculation and muscle fatigue, because pO 2 levels and the MF shift held more constant in the control group despite significantly higher IMP. Furthermore, the nearly identical increase in IMP during exercise does not suggest a pressure-induced disturbance, as has been hypothesized. The CFCS model obviously does not sufficiently explain the problem of exercise-induced LBP in rowers.
The physiological mechanisms of microcirculation in contracted muscle are not completely understood. The effects of pain on perfusion in particular are unknown. It is conceivable that pain may trigger neural or humoral processes similar to those seen in reflex sympathetic dystrophia. This may result in a disturbance of microcirculation in the muscle caused by arterial or venous vasoconstriction. 31 
Conclusions
The current study's results demonstrate that rowers with lumbar back pain have reduced IMP in the multifidus muscles compared with healthy controls, suggesting a reduced contraction force. Despite the lower load, rowers showed a larger drop in pO 2 during activity, which is associated with increased localized fatigue in the multifidus. These observations cannot sufficiently be explained by the CFCS model, suggesting that factors other than IMP affect microcirculation and pain generation during exercise in elite rowers.
